Therefore, high levels of serum ferritin in patients on MHD can be used to indicate iron deposition in most cells, including vascular and immunocompetent cells, and is still a reliable indicator of the need to withhold iron administration.
existence of chronic inflammation, infection, and malnutrition. These comorbid conditions generally affect the commonly used indices of body iron stores. Therefore, any interpretation of a given serum ferritin level in CKD patients needs to take into account the possible role of factors other than the status of iron repletion [1, [4] [5] [6] [7] [8] . Because of the influence of the malnutrition-inflammation complex syndrome [9] , several authors have suggested abandoning the use of serum ferritin as an indicator of iron stores in patients on MHD. This has also led to the proposal that i.v. iron administration should not be withheld in the presence of elevated serum ferritin levels since this might deprive CKD patients with inflammation and/ or malnutrition of much-needed iron supplements [1, 7] .
High serum ferritin levels have been suspected to be associated with increased rates and lengths of hospitalization [10] . Moreover, a recent rise in serum ferritin levels has been reported to represent a relative risk of imminent death in MHD patients [11] . An association with dialysis morbidity, including the risk of iron overload and infection, as reflected by a high serum ferritin level has also been reported [12] [13] [14] . We recently demonstrated that a relatively high level of serum ferritin ( 6 100 ng/ml) was associated with a poor prognosis after adjustment for several basic factors and C-reactive protein (hazard ratio 4.18) [15] ( fig. 1 ). Another study demonstrated that circulating advanced oxidation protein products (AOPP) were correlated with an increase in intima-media thickness and the wall-to-lumen ratio of the common carotid artery of patients on MHD. Moreover, AOPP was also correlated with serum ferritin and the i.v. iron dose [16] .
The purpose of this review is to reassess the interpretation of high serum ferritin values in such patients, with the goal of treating their anemia in an effective way. In particular, we would like to answer the following 2 important questions based on previous experimental and clinical research: (1) Are serum ferritin levels in inflammatory conditions relatively independent of body iron stores? (2) Are higher serum ferritin levels suitable for estimating the amount of iron available for erythropoiesis or excessive iron storage?
Structure and Function of Ferritin
Ferritin is the major iron storage protein found in human tissues [17] [18] [19] . This protein has the capacity to sequester up to 4,500 atoms of iron in a ferrihydrite mineral core, and it stores iron that is not required for immediate metabolic needs [19, 20] . It contains 24 subunits of 2 types, i.e. liver (L) and heart (H), with molecular weights of 19 and 21 kDa, respectively [17] . The H-subunit is thought to play a role in the rapid detoxification of iron due to its ferroxidase activity, which oxidizes iron to the Fe(III) form for deposition within the core, whereas the L-subunit facilitates iron nucleation, mineralization, and long-term iron storage [17, 20, 21] . In vivo, a specific cell type synthesizes a specific ratio of H-ferritin and L-ferritin protein subunits during differentiation; the H:L protein subunit ratio is usually stable, except during chronic iron overload or inflammation [22] [23] [24] . Fig. 1 . Estimated cumulative incidence of all-cause death in the high-/low-ferritin groups. Ninety stable hemodialyzed patients were enrolled and followed for 107 months. a Kaplan-Meier analysis indicates time to all-cause death in the high-/low-ferritin groups. The solid line represents patients with ferritin 6 100 ng/ ml (high-ferritin group) and the dotted line represents those with ! 100 ng/ml (low-ferritin group). b Cox proportional hazards model of high ferritin levels for death [15] . CI = Confidence interval; DM = diabetes mellitus; CRP = C-reactive protein.
Regulation of Ferritin
Recently, several authors reviewed the regulatory factors of cellular ferritin although the activities of these factors can be complicated and hard to understand precisely [18, 21, 25] . The system is sensitive not only to iron availability but also to the oxidative status of the cell. In fact, ferritin can be viewed both as part of a group of iron regulatory proteins that include transferrin and the transferrin receptor (TfR) and as a member of the protein family that orchestrates the cellular defense against stress and inflammation, as outlined in several reviews [26] [27] [28] [29] . These reviews focus on the molecular mechanisms and biological implications of ferritin regulation by cytokines, oxidants, oncogenes, growth factors, and other stimuli, as well as their relevance to the complex.
The present article focuses on the type of ferritin that is upregulated during inflammation, oxidative stress, or iron excess.
The synthesis of ferritin is posttranscriptionally regulated by cytoplasmic transacting factor iron regulatory protein 1 (IRP1). Ferritin transcripts contain a 5 iron regulatory element. When iron is present in excess in the cell, the iron-sulfur cluster in IRP1 prevents IRP1 from interacting with the iron regulatory element, which mediates the translational activation of ferritin synthesis [2, 25] . This adaptive response is important for protecting cells from free iron toxicity.
An induction of L-ferritin gene transcription by iron only occurs after acute or chronic exposure to very high iron doses [22] [23] [24] 30] . High concentrations of iron lead to a significant increase in the L-ferritin mRNA level, with no change in the H-ferritin mRNA level, as shown by microarray analyses; treatment with iron chelator deferoxamine decreases L-ferritin mRNA [31] .
H-ferritin gene transcription is regulated by cytokines and hormones as well as by oxidants and antioxidant response inducers. For example, hydrogen peroxide activates the murine H-ferritin gene [26] , and proinflammatory cytokines tumor necrosis factor (TNF)-␣ and interferon-␥ increase the amount of H-ferritin mRNA but not L-ferritin mRNA [29] .
The iron effect has been shown to be specific for the L-ferritin subunit, whereas the effects of inflammation, oxidative stress, and cytokines are specific for the H-subunit. Although the specific function of H-ferritin, i.e. ferroxidase activity, may contribute to detoxifying iron and reducing cellular iron availability in states of inflammation and oxidative stress, the mechanism of the differential regulation of L-ferritin and H-ferritin by iron and various stress situations is not known [18, 21] . We would like to emphasize ferritin's role as an acute phase reactant that is affected by inflammation and oxidative stress, both of which appear to upregulate H-ferritin preferentially over L-ferritin.
Characteristics of Serum Ferritin
Of the total ferritin in the human body, only small amounts are found in circulation. This plasma protein is a by-product of intracellular ferritin synthesis [18, 25] . Whereas tissue ferritins consist of variable proportions of H-and L-subunit types, serum ferritin contains only Lferritin and the glycosylated (G)-subunit, which are immunologically similar. The G-subunit, which is present only in extracellular ferritin, is probably the product of a posttranslational modification of the L-chain [25, 32] .
Despite the widespread use of serum ferritin as a clinical indicator of body iron stores, little is known regarding the precise source of this ferritin. Recently, Ghosh et al. [33] examined the secretion of L-ferritin from human hepatocytes. Export of this protein occurs through the classical secretory pathway, and some chains are N-glycosylated. In addition, even when individual ferritin chains were overexpressed via adenovirus transduction, L-ferritin was secreted at high levels over a relatively short period of time, whereas H-ferritin secretion was not observed. From these observations, it has been deduced that L-ferritin may be exclusively glycosylated and secreted to the extracellular space or plasma [33] . In conditions of inflammation or liver disease, however, we should be aware that the ratio of the glycosylated form to the nonglycosylated form in serum ferritin changes. Although the factors that determine the balance between the glycosylated and nonglycosylated forms remain to be explored, serum ferritin can also be greatly increased by damaged tissues, in which case most of the ferritin is nonglycosylated [12] .
Cytokines and Expression of Ferritin Protein
Previous observations have demonstrated that intracellular iron is essential for the accelerated expression of ferritin, even in the extracellular environment of elevated cytokines. Rogers et al. [34] demonstrated that interleukin (IL)-1 ␤ induces H-ferritin but not L-ferritin gene expression by modulating the transcription of its mRNA when added to the culture medium of human hepatoma cells (HepG2). Remarkably, ferritin protein induction by this cytokine was totally dependent on cytoplasmic free iron as ferritin translation was inhibited by the action of the intracellular iron chelator deferoxamine.
The relationship between TNF-␣ and iron in regulating ferritin was examined by Miller et al. [35] using primary human myoblasts. TNF-␣ induced H-ferritin mRNA independently of iron, but the complete induction of H-ferritin translation required the presence of iron. No change in L-ferritin mRNA was observed under the same conditions. Thus, it has been confirmed that the presence of free iron is required for the translation of TNF-␣ -induced H-ferritin mRNA. These authors suspected that alterations in ferritin after TNF-␣ treatment resulted from a TNF-␣ -mediated increase in intracellular iron [35] .
In LPS-challenged mice, a small but significant elevation in liver iron concentrations was observed, with a concomitant suppression of the expression of the iron export protein ferroportin 1 (FPN1) [36] . The relationships between TNF-␣ and the expression of FPN1 mRNA in rat [37] and mouse hepatocytes [36] and human monocytic cells have been confirmed in other studies [38] . We have also demonstrated TNF-␣ -induced iron sequestration in human umbilical vein endothelial cells, and iron accumulation in polymorphonuclear cells from the patients on MHD whose levels of IL-6 and TNF-␣ were higher than those of healthy volunteers. In addition, iron sequestration in these cells was strongly associated with the reduction of the expression of iron export protein FPN1 and the induction of iron import proteins, TfR, and divalent metal transporter 1 (DMT1) [39, 40] ( fig. 2 ). These observations suggested that a cytokine-induced reduction of iron export from several kinds of cells could cause iron sequestration in hepatocytes, reticuloendothelial cells, and other cells, which in turn might facilitate the expression of ferritin ( fig. 3 ).
Hepcidin and Ferritin
Hepcidin is another regulator of the amount of iron retained within macrophages. Hepcidin is a 25-amino acid peptide hormone synthesized primarily by hepatocytes and released into blood circulation. Upon reaching its target tissues, hepcidin binds to the iron exporter protein, i.e. FPN1, leading to the internalization and subsequent intracellular degradation of FPN1. Elevated levels, favoring macrophage iron retention, are encountered with increased iron intake, infection, and inflammation, which could be associated with ACD. Loss of the iron exporter function of FPN1 from macrophages leads to an intracellular retention of iron and to reduced extracellular serum iron levels [41] . Iron and ferritin in polymorphonuclear leucocytes (PMNL) from patients on MHD. Seventeen MHD patients without apparent infection or malignancy as well as 17 controls were recruited. The serum ferritin level was higher while the serum iron concentration was lower in patients on MHD than in controls. PMNL ferritin and iron content was increased in MHD [40] . * p ! 0.05 compared with controls; * * p ! 0.01 compared with controls.
We recently observed that, in the patients on MHD without apparent inflammation, serum hepcidin levels were exclusively associated with ferritin levels, independent of cytokines, IL-6, and TNF-␣ [42] . As there was no evidence of the correlation of expressions between hepcidin and ferritin in cultured cell models, it might be reasonable to presume that hepcidin-mediated iron retention in reticuloendothelial system (RES) cells and hepatocytes caused the increase in ferritin ( fig. 3 ) .
Expression of Ferritin Protein in the Condition of Inflammation and/or Iron Deficiency
Recently, Theurl et al. [43] made a significant observation regarding the expression of splenic ferritin in conditions of ACD and/or iron deficiency anemia (IDA). During inflammation, iron retention in macrophages and an elevation of ferritin protein in the spleen, but not in the liver, occurs. The coexistence of ACD and IDA dissipates the increase in the expression of splenic ferritin. Correspondingly, in humans suffering from ACD, serum ferritin concentrations are elevated but the coexistence of IDA significantly reduces serum ferritin ( fig. 4 ) . From these results, it should be stressed that if iron is depleted in the body serum ferritin fails to increase even in the condition of ACD [43] . These observations have also been confirmed in spleen from a murine model of chronic inflammation [44] .
Serum Ferritin Reflects Iron Storage
From the observations that (1) H-ferritin gene transcription is predominantly active in inflammatory conditions, whereas L-ferritin is induced only after exposure to very high iron concentrations and is preferentially secreted to plasma from hepatocytes; (2) the expression of both types of ferritin proteins are exclusively dependent on intracellular free iron which is often sequestered by LPS, TNF-␣ , or hepcidin in several cell types including hepatocytes [37] , reticuloendothelial cells [38] , human umbilical vein endothelial cells [39] , and polymorphonuclear cells [40] , and (3) in conditions of both inflammation and iron deficiency, splenic iron is depleted and serum ferritin does not increase, we may presume that elevated serum ferritin levels could be closely associated with a higher storage of iron while cytokines or inflammation might modulate the ratio of ferritin to body iron storage ( fig. 5 ) . Although the serum level of ferritin should reflect the total amount of ferritin released from all organs and cells, reticuloendothelial cells or macrophages and hepatocytes are the 2 major sites of iron storage in humans. Consequently, both cell types are major contributors to the circulating ferritin pool [19, 45, 46] . Therefore, we can pre- In conditions of inflammation without iron deficiency, iron is retained in the cells (mainly reticuloendothelial cells and hepatocytes), which causes high serum ferritin. In the condition of the combined state between inflammation and iron deficiency, iron is not retained in the cells, which causes low serum ferritin. Nakanishi/Kuragano/Nanami/Otaki/ Nonoguchi/Hasuike sume that elevated serum ferritin levels indicate a state of iron overload in the liver and the spleen, although the serum ferritin level is not a particularly robust analytical tool and is likely to increase in conditions of hypercytokinemia by changing the sensitivity to cellular iron.
Serum Ferritin and Iron Supplementation to Bone Marrow for Erythropoiesis
In healthy individuals, the serum ferritin concentration is proportional to the total body iron stores, with a lower normal limit of 12 ng/ml predicting absolute iron deficiency [19, 47] . Some healthy adults have serum ferritin values as high as 200 ng/ml, but such high levels of serum ferritin may be associated with glucose intolerance or other comorbid conditions [48] [49] [50] [51] . Patients on MHD generally have markedly higher serum ferritin levels than do normal individuals for any given level of iron stores. This could be reasonably explained by the fact that they carry an inflammatory burden with hypercytokinemia. In patients on MHD treated with erythropoiesis-stimulating agent (ESA) therapy, the 2006 guidelines of the National Kidney Foundation-Kidney Disease Outcome Quality Initiative (NKF-KDOQI) suggest that the lower limit of serum ferritin indicating absolute iron deficiency (i.e. depleted iron stores) is around 200 ng/ml [52] . The revised European Best Practice Guidelines (EBPG) of 2004 define iron deficiency as a serum ferritin level ! 100 ng/ml and a transferrin saturation ! 20% [47] . However, even with these threshold levels the provision of iron to the bone marrow may be deficient [2, 53] . The observed discrepancies might be explained by a heterogeneous propensity to iron deposition between the bone marrow and the liver or spleen.
In an investigation on the distribution of stainable iron stores in various organs of 50 hemodialysis patients, there was an absence or scarcity of stainable iron in the bone marrow of the majority of patients [54] . In contrast, massive iron deposits in the liver and spleen, which are compatible with the diagnosis of advanced hepatosplenic siderosis, were observed. The authors of this study stressed that the iron accumulated in the liver and spleen was not in equilibrium with marrow iron and that it was not necessarily available for incorporation into hemoglobin. While marrow iron was readily accessible for erythropoiesis, that of other organs was either unavailable or only marginally available for this function. Although we should take into consideration that these studies were done in a pre-ESA era and that repeated transfusions may affect iron metabolism, we could presume that elevated serum ferritin levels in this setting are mainly associated with hepatosplenic siderosis, but this was not a practical way to exclude the possibility of bone marrow iron depletion [54, 55] .
The principal reason for erythropoietin hyporesponsiveness is iron deficiency, which includes absolute iron deficiency and functional iron deficiency [56, 57] . It has been repeatedly demonstrated that CKD patients with normal or even markedly increased serum ferritin levels can be functionally iron deficient [58] . After all, iron is not released fast enough from its stores in the RES to meet the increased demand for iron driven by ESA therapy [47, 56] . Thus, elevated serum ferritin levels do not guarantee a sufficient iron supply in response to the demand of bone marrow although serum ferritin levels are an accurate indicator of the amount of iron stored in the body, primarily in the hepatocytes or RES.
Therefore, it has been clear for many years that the amount of iron available for erythropoiesis cannot be evaluated solely on the basis of serum ferritin. However, a very high ferritin concentration probably is a reliable indicator of the need to withhold iron administration in MHD patients. Further clinical trials are necessary to establish the optimal treatment modality of renal anemia in such patients with hepatosplenic siderosis but no available iron in the bone marrow. 
Conclusion
The relationship of serum ferritin levels to body iron stores may be altered in inflammatory states and liver disease, conditions that can disproportionately elevate the levels of this circulating protein. Despite these drawbacks, serum ferritin is a good measure of the amount of iron stored in the body, primarily in the hepatocytes and RES. Elevated serum ferritin levels indicate iron overload, mainly in the form of hepatosplenic siderosis, but do not exclude the possibility of a depletion of bone marrow iron stores and iron unavailablity for erythropoiesis due to a heterogeneous propensity for iron deposition between bone marrow and the liver or spleen. Therefore, high levels of serum ferritin in MHD patients without apparent inflammation may indicate iron deposition in the liver and spleen.
